e have carried out a prospective, randomised trial to measure the rise of temperature during reaming of the tibia before intramedullary nailing. We studied 34 patients with a mean age of 35.1 years (18 to 63) and mean injury severity score of 10 (9 to 13). The patients were randomised into two groups: group 1 included 18 patients whose procedure was undertaken without a tourniquet and group 2, 16 patients in whom a tourniquet was used. The temperature in the bone was measured directly by two thermocouples inserted into the cortical bone near the isthmus of the tibial diaphysis. Reaming was carried out to at least 1.5 mm above the required diameter of the nail. Blood loss was assessed by recording the preoperative and postoperative haemoglobin (Hb) level.
Intramedullary reaming damages the medullary circulation resulting in reversed blood flow, from centrifugal to centripetal. 1, 2 This change in vascular kinetics, however, is not associated with impairment of bone healing and may actually enhance it. Rises in temperature of more than 50°C have been reported 3, 4 during the intramedullary reaming process. These may lead to thermal necrosis of bone altering its endosteal architecture and resulting in biological failure. 5 Although commonly quoted, clinical evidence of this complication is rare and only seven cases have been reported in the literature. [6] [7] [8] Besides the injudicious use of reaming, the application of a tourniquet has been thought to be a factor in thermal necrosis. Those who advocate the use of a tourniquet claim that it provides a bloodless field for surgery of the limb. Opponents claim that it prevents transfer of heat by convective blood flow 9 and is thus a potential risk factor for thermal necrosis. In order to test these arguments we have undertaken a prospective randomised, controlled trial measuring the rise of temperature during reaming of the tibia with and without the use of a tourniquet. We also measured the loss of blood in each case.
Patients and Methods
Between February 1998 and May 2000, we studied prospectively 34 adult patients who were undergoing a reamed nailing procedure for an isolated fracture of the diaphysis of the tibia. Exclusion criteria were open tibial fractures, acute compartment syndrome and segmental fracture patterns. Approval was obtained from the Research Ethical Committee and all the patients gave verbal or written informed consent before beginning the study. There were 24 men and ten women with a median age of 35.1 years (18 to 63). The median injury severity score (ISS) 10 was 10 (9 to 13). Road-traffic accidents accounted for 21 of the injuries, sports for seven, and a simple fall for six. On admission, patients were randomly selected into two groups by the use of closed envelopes and were assigned to have the fracture stabilised either with or without a tourniquet. Group 1 included 18 patients whose fractures were stabilised without a tourniquet and group 2, 16 patients in whom a tourniquet was used at a pressure of 300 mmHg. In each patient, reaming of the medullary cavity was carried out using sharp AO reamers (Synthes, Davos, Switzerland) with the Synthes Air drive operating at 6 bar as is standard procedure. 11 All operations were undertaken by the senior author (RMS). The canal was reamed to a diameter just sufficient for insertion of the nail. In all except two patients, the minimum reaming was to 1.5 mm above the required diameter of the nail. The initial diameter of the tibial canal ranged from 8 to 11 mm. The maximum diameter reamed varied between 9 and 12 mm before insertion of the nail. There was no difference between the two groups with respect to the size of the nail and the extent of reaming. Intraoperative monitoring of the temperature changes during reaming of the medullary cavity were done by two probes (2 mm diameter, 50 mm long) inserted into the narrowest part of the cortical bone at the short isthmic segment of the tibial shaft (Fig. 1) . The probes were placed in the cortical bone under image intensification so that the distal tip of the probe was approximately 2 mm from the medullary wall. The temperature probes were of platinum resistance, encased in stainless steel with a silicone rubber cable sheath. Such devices have a response time of about 800 ms for a step change from 20°C to 100°C (AJ Thermosensors Ltd, Worthing, UK). The connectors used were Neutrik brand, die-cast zinc (Farnell Electronic Components, Leeds, UK), black chrome plated with glass-reinforced nylon insulators and gold-plated pins, giving a quoted contact resistance of 3M⍀. The probe assemblies were gas sterilised. Data were collected by a Tracker 3000 data logger (AJ Thermosensors Ltd). Electrical isolation units (TC1-2/RTI-2) powered by a DIN700 isolated power supply (AJ Thermosensors Ltd) were used between the temperature probes and the data logger, for patient safety. The data logger was supplied precalibrated to a quoted accuracy of ±2°C with a stated linearity of ±0.03%. Temperatures were recorded every five seconds and measurements done in duplicate. The entire recording was subsequently uploaded to a personal computer and the data were analysed using a statistical package (Astute, The University of Leeds, UK). The blood loss was assessed by recording the pre-and postoperative haemoglobin (Hb) levels; no perioperative transfusions were given.
The development of soft-tissue thermal necrosis was assessed by daily inspection of the soft-tissue envelope of the tibia. That of aseptic osteonecrosis was assessed indirectly by the progress of union of the fracture with regular radiographs. Any inflammation was documented. The minimum clinical follow-up was six months. No patient was lost to follow-up. Statistical analysis. Data were expressed as means and standard deviations. Variations with time and differences between trends among groups were assessed by repeated measurements and two-way analysis of variance (ANO-VA). Correlations were calculated using the Kendal Rank method. Differences were considered to be statistically significant when p < 0.05.
Results
There were no differences between the two groups of patients in respect of gender, age, ISS or the diameter of the tibial canal (p > 0.05). The mean Hb level decreased from 14.1 g/dl (12 to 16.6) to 12.1 g/dl (9.2 to 14) overall. In group 1 (no tourniquet), the mean Hb fell from 14.3 ± 1.02 g/dl to 11.5 ± 1.04 g/dl (p = 0.0001), whereas with the tourniquet applied, it decreased from 14 ± 1 g/dl to 12.7 ± 1.3 g/dl (p = 0.007). The difference did not reach statistical significance (p = 0.08).
The mean initial tibial temperature before reaming was 35.6°C (SD 0.6). During reaming it rose to between 36.3°C and 51.6°C. The highest temperatures were obtained using the largest reamers (11 and 12 mm), but occurred in a small number of patients. The most rapid rise occurred with the smallest diameters of the medullary canal (8 or 9 mm). The rise of temperature was transient (20s). A direct correlation was noted between the elevation of temperature and the size of the reamer (Kendall Rank, p = 0.0001, Fig. 2) . A higher rise was observed with the use of a tourniquet, but this did not reach statistical significance (p = 0.09, AUC, Fig. 3 ).
There was no intra-or postoperative complication related to infection or thermal necrosis of either skin or bone. All 
Discussion
Reaming can cause injury to bone as a result of high intramedullary pressures, damage to the endosteal blood supply or the generation of heat. 7, 12, 13 When considering the generation of heat, the following questions need to be addressed; what is the temperature threshold above which thermal necrosis occurs, to what extent does the temperature rise during reaming and, most importantly, what is the effect of the tourniquet? Thermal injury to bone has been reported with temperatures between 43° and 68°C.
14, 15 The critical temperature for thermal injury is 56°C, which is that at which denaturation of alkaline phosphatase occurs. 16 Extensive cortical necrosis is known to occur at temperatures higher than 70°C although the collagen and bone tissue can withstand higher temperatures before denaturation and cellular necrosis take place. 17, 18 Several authors have addressed the second question, regarding the effect of intramedullary reaming on the rise of temperature. Leighton et al 19 reamed 11 femora taken from cadavers from which all soft tissue had been stripped, and reported temperatures of up to 44.6°C. Muller et al, 20 in an attempt to simulate the biological environment, reamed five pairs of human femora in a water bath at 37°C and reported peak values of 44.1°C when reaming to 14.5 mm. 20 Stewart 3 assessed the elevation of temperature The rise of temperature compared with the amount of reaming. Fig. 3 The rise of temperature with and without a tourniquet.
during reaming of cadaver bovine metatarsal bones and reported an increase up to 54.5°C. We present the first study in vivo which reflects physiological conditions. A direct correlation was recorded between the rise of temperature and the amount of reaming. Our findings correlate with those of Ochsner et al 7 and of Henry et al 21 who also found a correlation between elevation of temperature and size of the reamer. Several co-factors have been considered to affect this elevation during reaming, including the bluntness of the reamers, the speed of the drill and the force applied. 20 Matthews and Hinsch 17 investigated the effect of drilling bone and reported that the applied force was more important than the rotational speed. These observations were considered in our study and reaming was carried out carefully and only by one surgeon throughout. Furthermore, the state of the reamers was checked regularly to ensure their sharpness. Previously cited reports of osteocutaneous necrosis after tibial reaming were associated with a narrow medullary cavity, but suggested that the damage may be attributed to the use of a tourniquet. 7, 8 Theoretically, the use of a tourniquet eliminates convective heat transfer by shutting down the blood flow of the limb. Klenerman and Crawley 22 reported, in an experimental study, that the circulation was reduced to less than 1% of that of the control limb. Other authors have reported a varying amount of blood, bypassing the tourniquet and flowing into the distal part of the limb by the way of the medullary canal, measuring as much as 26% of normal. 23, 24 Despite the wide variations which have been reported, there is no doubt that a tourniquet may interfere with the dissipation of heat through the circulation. This effect has been demonstrated in studies on thermal conductivity in which a fourfold difference between dry and living bone tissue has been reported. 9 In our study the rise of temperature in the group of patients with a tourniquet appeared to be slightly higher, but this difference did not reach statistical significance. This finding is open to a number of interpretations. First, the heat produced flows both into the bone and into the reamer. This process may be described by the heat-conduction equation, with appropriate values for critical parameters, including rotational speed, the dynamic friction coefficient, the cavity and dimension of the reamer and thermal conductivities. It is therefore obvious that changes in thermal conductivities only may not be sufficient to induce substantial elevations of temperature during reaming. Secondly, according to the study protocol, the minimum reaming was at least 1.5 mm above the required diameter of the nail. Clearly, more reaming would have led to higher temperatures. Excessive reaming of the medullary cavity was advocated in the past for the insertion of nails of large diameter thus exposing the patient to the risk of damaging thermal energy. The development of a new generation of intramedullary implants, which are thinner but not weaker, has resolved this problem but we felt that the real clinical situation should be assessed. Thirdly, the cooling effect exerted by the cortical blood flow may have been overestimated. During reaming, vascular occlusion and damage occur rapidly and may interfere with convection cooling. Matthews and Hinsch 17 comparing in vivo and in vitro heating curves during drilling, reported no significant effect from vascular cooling. Finally, the small number of patients recruited in this study may raise the possibility of a type-II statistical error. A power calculation revealed that 73 patients would be required for significance. In practice, it is not possible to assess directly the impact of high temperature on bone (thermal necrosis) since this would require tissue biopsies. For that reason the thermal effect on the tissues was assessed by the daily inspection of the tibial soft-tissue envelope and the progress to bony union. While we accept that visual inspection of the soft tissues may not be a reliable indication of the extent of thermal damage, none of the patients had intra-or postoperative signs of inflammation or blisters or necrosis on the skin. All patients achieved bony union uneventfully which suggests no adverse effect.
The mean Hb level, with and without the use of tourniquet, decreased noticably; the difference, however, between the two groups of patients did not reach statistical significance.
In conclusion, it appears that reaming induces a transient generation of temperature in the tibia. This heating effect is proportional to the amount of reaming of cortical bone. The application of a tourniquet and reaming to 1.5 mm above the required diameter of the nail appear to be safe clinical practice.
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